England was followed closely by a tenfold increase in attendance of patients at hospital Background -Thunderstorms and prior grass pollen counts were investigated as casualty departments due to acute asthma attacks. 2 3 Mechanisms have been proposed predictors of daily hospital admissions for asthma in England. This study was mo-whereby thunderstorms might cause acute asthma attacks. In the case of the June 1994 tivated by reports in the literature of spectacular asthma epidemics associated with epidemic, it was found that an exceptionally high grass pollen count had been recorded thunderstorms, particularly in the grass pollen season.
series for each RHA was considered to end hours GMT and to end at 09.00 hours GMT on the following day. For statistical analysis on 28 February 1994 (inclusively) . Moreover, inspection of daily admissions for all respiratory each sferic density was matched to the asthma admissions data for the midnight-to-midnight disease (not shown) revealed vast local variation in time taken for the HES system to become date on which the corresponding sferic count ended, so that the sferic densities were lagged reliable in reporting admissions, both between RHAs and between district health authorities by 15 hours relative to the asthma counts. An alternative matching policy was to match each (DHAs) within RHAs. Many of the DHAs had gaps in the record which appeared to be sferic density to the asthma admissions data for the date on which the sferics count began attributable, at least in part, to upheaval caused by the reorganisation of DHAs within RHAs. so that the sferic densities were lagged by −9
hours. The former match was expected to be To avoid complications caused by such incomplete records, it was decided to start the the best for predictive purposes because the more vigorous thunderstorms tend to develop time series for each RHA at a date by which the gaps for each DHA in that RHA appeared during the late afternoon and evening, and may have a greater impact on hospital admissions small enough to be treated as part of the autocorrelated random error. In the case of the on the following day than on the current day as time is required for asthma to develop and North Western RHA, two small DHAs (Oldham District and Chorley and South Ribble for patients to present. However, the latter match was also considered because of the posDistrict) were excluded from the analysis altogether because their incomplete data seemed sibility that an afternoon thunderstorm might cause a wave of early evening asthma adto persist into the 1990s while the remainder of that RHA seemed to produce complete data missions. from 1987 (when the system was officially activated).
  Pollen data were collected from various sites of the European Aeroallergen Network UK by   Information on thunderstorm activity was de-the Pollen Research Unit. These sites monitor concentrations of airborne pollen using quality rived from records of sferics (lightning flashes) provided by the Meteorological Office using controlled standard techniques with volumetric traps. Daily mean grass pollen counts, measthe operational system described by Lee.
9 A sferic is the electromagnetic signal emitted dur-ured in grains per cubic metre of air sampled per day (Gr/m 3 /day), were used with days ing lightning discharge and is generally strongest at frequencies around the 10-16 kHz band. deemed to begin and end at 09.00 hours GMT for consistency with the meteorological data. Using geographically separate sensors operating at these frequencies it is possible to Sferics and hospital admissions for the four Thames regions (North West, North East, identify the timing and location of each lightning flash remotely by comparing the differ-South West and South East) were matched to pollen counts from London, whereas those ences between arrival times at three or more different sensors. This method for identifying from the Trent region were matched to pollen counts from Derby. At some stations pollen thunderstorms has a number of advantages over reliance on the records of ground based counts are not taken during the winter months and, occasionally, there are breaks in the reobservers as it provides much greater spatial 10 and temporal accuracy, more consistent data, cords due to instrument failure and other problems. To make the time series as nearly and worldwide coverage. Moreover, by recording the amount of lightning produced at a complete as possible, missing counts in months from October to February were treated as zeros, particular time and place it also gives a quantitative measure of the vigour of convective as were missing counts immediately preceded by zero counts. Pollen counts were entered into activity within the storm. The amount of lightning produced by an individual storm can in-the analysis as five day moving averages so that the sferic results for a 09.00-09.00 day were dicate the strength of convection and, hence, other characteristics such as the amount of matched with the mean of the pollen counts for that day and the previous four days. This precipitation or the strength of the downdraught and associated gust front. It is thus strategy was based on the hypothesis that asthma attacks may be caused by rainfall dispossible to attempt to discard weak and isolated thunderstorm events which might not be ex-rupting, by osmotic shock, the pollen released over the previous few days, releasing starch pected to have a measurable impact on asthma admissions.
granules.
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Sferics data covering the whole of England were available, nearly continuously, from the beginning of 1990. Each sferic was localised to   The statistical method used was a log linear a day and a RHA to derive a daily count of the number of sferics originating in the area covered autoregression model for time series of counts used by Schwartz et al 11 and originating as a by each RHA, and each count was divided by the area of the RHA to give a sferics density variation of one introduced by Zeger. 12 It is described in a statistical appendix at the end measured in sferics per 100 square kilometres per day (Sf/100 km 2 /day). To maintain con-of the paper. Estimation of model parameters was carried out using a SAS program, available sistency with standard climatological measurements, a day was defined to begin at 09.00 from the authors on request, which uses the group.bmj.com on May 2, 2017 -Published by http://thorax.bmj.com/ Downloaded from procedures GENMOD 13 and NLIN 14 of the counts in the presence and absence of a risk factor, other things being equal.) SAS/STAT system. A model was fitted to the series of asthma admission counts for each of For the five RHAs for which a fairly complete the two age groups in each of the 14 RHAs pollen count series could be obtained (the four in England, and contained eight lag terms, Thames RHAs and Trent RHA), a further together with the following classes of time de-model was fitted to the data which contained pendent x variates: all the above x variates plus two extra dummy variates, one for high moving average pollen (1) A dummy variate indicating whether or not the day in question was a public holiday. counts (50 Gr/m 3 /day or more) in the presence of zero sferics density and one for high moving (2) Dummy variates for each day of the week (other than Sunday) indicating whether or average pollen counts in the presence of nonzero sferics densities. The threshold of 50 Gr/ not the day in question was a non-public holiday weekday of the appropriate kind. m 28 February 1994 for all series.) The first day South West Thames and Wessex) an additional dummy variate was included, tak-is either the first day for which sferic densities were available (1 January 1990) or the first day ing values of 0 before 1 April 1993 and 1 afterwards. This was done because, on that on which the particular RHA was considered to be returning reliable data, whichever is later date, there was a boundary change involving redistribution of territory amongst (see Methods.) Table 1 also gives the variation in sferic densities between days, expressed as those three regions. The parameter for this dummy variate is interpreted as the log of frequencies of three sferic density groups. Note that, for each RHA, about 90% of days were the ratio of numbers of potential asthma patients after and before the redistribution. associated with zero sferic density on the previous day, and less than 1% of days were as-(6) Two dummy variates for sferic densities, one for low positive densities (strictly below sociated with a sferic density of 1 Sf/100 km 2 / day or above, the remaining days having posi-1 Sf/100 km 2 /day) and one for higher densities (1 Sf/100 km 2 /day or more). The para-tive sferic densities below 1 Sf/100 km 2 /day. Sferic density ranged to a maximum of 8.33. meters for these dummy variates are the log relative risks associated with low and
The daily asthma admission counts for the two age groups in the 14 RHAs are also sumhigh positive sferic densities, respectively, compared with zero sferic density. (Relative marised in table 1. Note that means vary from below 4 to above 14, but that the counts are risk, in this context, is the ratio of predicted group.bmj.com on May 2, 2017 -Published by http://thorax.bmj.com/ Downloaded from displayed graphically, without confidence limits, in fig 1. It can be seen that, for both age groups, the estimated relative risks associated with high sferic densities varied considerably between RHAs. This is not surprising, given that each one compares a number of thunderstorm days between one and 10 with the majority of days which have zero sferic densities (see table 1). However, in both age groups most RHAs had a relative risk greater than one, and the geometric mean corresponds to a relative excess risk of roughly 25%, with 95% confidence limits from 10% to 40%. The relative risks associated with low sferic densities were less variable and typically were close to one. However, the relative risk for those aged 15 and above tended to be greater than one, so the geometric mean for both age groups in all RHAs corresponds to a significantly positive relative excess risk of 1-4%.
It was thought possible (but not likely) that sferics lagged by −9 hours might predict asthma admissions better than sferics lagged by 15 hours (see Methods). Accordingly, the above analysis was repeated substituting a −9 hour lag for a 15 hour lag (not shown). How- 
ever, in the case of high sferics the −9 hour that the 15 hour lag predicted asthma admissions better than the −9 hour lag, and the former lag was therefore used in all subsequent everywhere highly variable, with the largest analyses. counts being more than twice the mean in every Table 3 gives the numbers of days with valid combination of RHA and age group, and five five day average pollen counts, and the numbers times the mean in some combinations.
of those days on which this average was high Table 2 gives the geometric mean relative (at least 50 Gr/m 3 /day) with zero, low, and high risks (over all RHAs) associated with high and sferic densities for the five RHAs for which low sferic densities (using a 15 hour lag) with a fairly complete series of pollen counts was upper and lower approximate 95% confidence available. The number of valid pollen averages limits. The scatter about the geometric means is the same as the total number of days minus of the relative risks for individual RHAs is the number of missing pollen averages (none in the Derby series, 28 in the London series). The number of high pollen averages un- pollen averages in the presence and absence of sferics. The ratio of high pollen relative risk with sferics to high pollen relative risk without Not surprisingly, typical thunderstorms alone do not seem to cause spectacular asthma epidemics, so any worthwhile early warning system would presumably require the specification of other predictors. A possible cofactor in the case of the 1994 London epidemic was a six year record pollen count two days previously.
3 This report confirms that a high five day moving grass pollen average is associated with an amplified excess of asthma admissions following a thunderstorm on the fifth day. A thunderstorm in the presence of a high pollen count is associated with a 16% excess of asthma admissions in children and a nearly 50% excess in adults compared with a thunderstorm of the same size and a moderate, low, or zero pollen average (table 4). Assuming that high pollen averages amplify the high sferic effect as much as they amplify the low sferic effect, this implies an excess of 45% in children and a near doubling in adults for a high sferic, high pollen day compared with a zero sferic, low pollen day. It is not feasible to test this be measured. The observed modest effects may be partly caused by variation within RHA of the pollen dosage, so that the London five day average is not representative of the whole area of the four density) after high pollen averages. This amplifying effect seems to be greater in adults than Thames RHAs, although it might be representative of London. Similarly, regional in children. The effect of high pollen averages in the presence of thunderstorms is significantly sferics density might not detect severe, highly localised thunderstorms. In these cases, comgreater than the effect of high pollen counts in the absence of thunderstorms, which is too bined sferic data and pollen averages might possibly predict asthma epidemics better in small to be measured. a compact, densely populated area such as London than they do in the four Thames RHAs. On the other hand, we do not know Discussion The public health questions asked by this pro-how well a five day moving average of airborne pollen measures the "reservoir" of settled polject concern the advisability of an early warning system for hospitals based on a forecast of len awaiting osmotic shock on the fifth day.
A question naturally arises as to whether the thunderstorms. There seems to be a gradient of risk between zero sferic days and high sferic observed link between pollen, thunderstorms, and asthma might really be caused by mechdays, with low sferic days having an intermediate risk. High sferic days, as defined in anisms less direct than the one hypothesised here. Proposed trigger factors include fungal this report, account for less than 1% of the total number of days in all RHAs (table 1) . spores 5 and pollutants such as particulate matter (PM 10 ), ozone, and nitrogen oxides. 16 In The statistical methods used in this report are sufficiently sensitive to detect an increase in the case of air pollutants, at least, spectacular nitrogen dioxide episodes do not necessarily acute asthma associated with such a small number of days if the results are pooled over the lead to asthma epidemics, and the 1994 London asthma episode was not associated with 14 RHAs. However, they are also sufficiently specific to be able to rule out the possibility high levels of PM 10 , nitrogen dioxide, or ozone.
16 that a typical thunderstorm will be associated with a rise of 50%, or worse, in hospital adThe forecasting approach of this paper is based on a comparison of typical high sferic missions with acute asthma. From table 1 it appears that a large RHA might expect 10 cases and/or high pollen days with zero sferic, low pollen days. The results do not rule out the of asthma per day from each age group, totalling 20. A large front of thunderstorms sweeping possibility that some high sferic and/or high pollen days are atypical, either by having exover that RHA would typically cause 2.5 extra cases in each age group, giving an extra five tremely high sferic densities and pollen simultaneously or in other respects, and therefore cases in the whole RHA. An increase in admissions of this order, even if it is concentrated produce large asthma epidemics. A way of investigating this possibility, which we have in one hospital or health district, is hardly likely to cause hospitals to run out of inhalers or explored elsewhere, is to isolate spectacular group.bmj.com on May 2, 2017 -Published by http://thorax.bmj.com/ Downloaded from asthma epidemic days and to compare them the usual manner from estimates and standard errors of the parameters. (For instance, an with control days one week before and after, and with other non-epidemic days, with regard estimate for a relative risk, with approximate 95% confidence limits, is given by to available risk indicators.
exp[ ˆ± 2SE( ˆ) ]
( 5) where is the estimated log relative risk and Appendix: Log linear autoregression SE ( ˆ) is the corresponding standard error.) In a log linear regression model, if the count To pool (or "meta-analyse") the relative risks on day t is denoted y t , then the conditional for m distinct sets of data, a model was fitted mean and variance of the count for the tth day, separately to each set of data and the geometric given the observed values of a set of time mean relative risk was estimated by estimating dependent x variates, are given by: the mean log relative risk, with its standard error, as mean (y t )= t =exp ( (6) corresponding log linear regression coefficient, the function exp(z)=e z is the exponential func-(where ˆi s the log relative risk for the ith data tion, and is a proportionality constant set and ˆp ool is the mean log relative risk), and whereby the variance is proportional to the by inserting the pooled estimate and standard mean. Each j therefore measures the multierror into equation (5) to calculate a confidence plicative effect, or relative risk, associated with interval for the geometric mean. one additional unit of the jth x variate. If this x variate is a "dummy" for a "yes-no" binary
